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ABSTRACT
Binary interaction can cause stellar envelopes to be stripped, which significantly reduces the radius of the
star. The orbit of a binary composed of a stripped star and a compact object can therefore be so tight that the
gravitational radiation the system produces reaches frequencies accessible to the Laser Interferometer Space
Antenna (LISA). Two such stripped stars in tight orbits with white dwarfs are known so far (ZTF J2130+4420
and CD−30◦11223), but many more are expected to exist. These binaries provide important constraints for
binary evolution models and may be used as LISA verification sources. We develop a Monte Carlo code that
uses detailed evolutionary models to simulate the Galactic population of stripped stars in tight orbits with either
neutron star or white dwarf companions. We predict 0 − 100 stripped star + white dwarf binaries and 0 − 4
stripped star + neutron star binaries with SNR > 5 after 10 years of observations with LISA. More than 90%
of these binaries are expected to show large radial velocity shifts of & 200 km s−1, which are spectroscopically
detectable. Photometric variability due to tidal deformation of the stripped star is also expected and has been
observed in ZTF J2130+4420 and CD−30◦11223. In addition, the stripped star + neutron star binaries are
expected to be X-ray bright with LX & 1033 − 1036 erg s−1. Our results show that stripped star binaries are
promising multi-messenger sources for the upcoming electromagnetic and gravitational wave facilities.
Keywords: Compact binary stars (283), Interacting binary stars (801), Common envelope binary stars (2156),
Gravitational wave sources (677), Radial velocity (1332), Ellipsoidal variable stars (455), X-ray
binary stars (1811)
1. INTRODUCTION
The recent detections of gravitational waves (GWs) from
merging binary black holes (BHs) and binary neutron stars
(NSs) have placed double compact objects in the spotlight
(Abbott et al. 2016, 2017). However, GW sources are not
limited to binary systems composed of stellar remnants; GWs
can also be generated by binaries containing “living” stars –
stars still undergoing nuclear burning in their interior.
Most living stars are too large to fit in the tight or-
bits needed for the emitted gravitational radiation to be de-
tectable. But some living stars are compact and small:
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stars that have been stripped of their hydrogen-envelopes.
Envelope-stripping can occur in binary stars either via stable
mass-transfer or through the successful ejection of a com-
mon envelope (e.g., Kippenhahn & Weigert 1967; Paczyn´ski
1967; Ivanova 2011). This process is predicted to be the fate
for ∼ 30% of all massive stars (Sana et al. 2012) and to pri-
marily occur prior to the central helium burning phase, which
constitutes about 10% of the total stellar lifetime. The result-
ing stripped stars are hot (& 30kK) and helium-rich. Low-
mass stripped stars are classified as subdwarfs, since they
have absorption line spectra. With increasing mass, the stel-
lar winds are expected to be stronger, suggesting that high-
mass stripped stars can have emission line spectra and be
classified as Wolf-Rayet (WR) stars (Go¨tberg et al. 2018).
As envelope-stripping is predicted to be common and the re-
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Figure 1. Visualization of a common evolutionary pathway for the
formation of a stripped star in tight orbit with a compact object. The
red box marks when a stripped star orbits a compact object close
enough that the binary could be detectable by LISA. Each evolu-
tionary phase is numbered according to their order in the evolution
and the direction of the sequence is marked with arrows. In stage
2 and 6 the two stars are relieved of their hydrogen-rich envelopes,
creating a stripped star. The envelope-stripping in stage 2 is shown
as Roche-lobe overflow, but the envelope can also be lost via the
ejection of a common envelope during this stage. We show the com-
pact object formations at stage 4 and 9 with a purple star and marked
with ‘SN’, but note that when white dwarfs are formed they do not
experience an explosion. At stage 8, we indicate X-ray emission
from accretion onto the compact object via Roche-lobe overflow.
We note that the X-ray emission from most systems is expected to
originate from wind accretion, meaning that X-ray emission is also
expected for systems in stage 7 (see Sect. 4.4).
maining lifetime is significant, stripped stars should be rela-
tively abundant in the Milky Way (Go¨tberg et al. 2019).
Stripped star binaries can also be the direct progenitors of
double compact objects. This is illustrated in Fig. 1, which
shows the evolutionary sequence that is thought to result in
most of the mergers of double NSs or double BHs (e.g.,
Tauris et al. 2017; Stevenson et al. 2017, see however also
Vigna-Go´mez et al. 2020). In particular, the figure shows
that envelope-stripping occurs twice before the merger of the
two compact objects (step 2 and 6), acting as a key ingredient
in bringing the stars close together (e.g., Ivanova et al. 2003).
In the case of merging double white dwarfs (WDs), both of
the stellar envelopes are likely ejected through common en-
velope phases (e.g., Toonen et al. 2012).
When stripped stars are created through common envelope
evolution (step 6-7, Figure 1), the resulting binary has a short
orbital period (Nandez & Ivanova 2016; Fragos et al. 2019).
If, in addition, the companion star is a compact object, both
stars are so small that the orbit can be sufficiently short for
GWs in the sub-mHz regime to be emitted. This means that
their emitted GWs are not detectable by the Laser Interfer-
ometer Gravitational-Wave Observatory (LIGO) (LIGO Sci-
entific Collaboration et al. 2015) or the Virgo interferometer
(Acernese et al. 2015), which operate in the ∼ 102 − 104 Hz
range. Rather, if the signal is sufficiently strong, they would
appear in the band of the Laser Interferometer Space Antenna
(LISA, Amaro-Seoane et al. 2017). With the decreasing sen-
sitivity of LISA at the low-frequency end, these systems are
ideally detected by µHz GW instruments, such as the recently
proposed µ-ARES mission (Sesana et al. 2019b).
In contrast to many other gravitational wave sources,
stripped stars in tight orbit with compact objects are bright
in the electromagnetic spectrum, which makes them possible
to study in advance of the launch of LISA. These systems
will be valuable verification sources for LISA, allowing cal-
ibration of the instrument at frequencies lower that the those
covered by double WDs (e.g. Kupfer et al. 2018).
Despite their predicted existence and crucial role in the
creation of double NSs, no stripped star has been observa-
tionally confirmed to orbit a NS (see however the debated
system HD 49798, Israel et al. 1997). The evolution of such
systems have been studied theoretically (Dewi et al. 2002;
Dewi & Pols 2003; Wu et al. 2018) leading to predictions
for the population of low-mass stripped stars orbiting NSs
(Wu et al. 2020). Validating the existence of stripped stars
in orbit with NSs and studying their properties is of highest
importance for verifying binary evolution models and for our
understanding of the formation of merging compact objects.
Population properties, such as the total number of systems,
and their masses and orbital periods can constrain, for exam-
ple, the outcome of the common envelope evolution, which
is considered one of the most uncertain binary evolution pro-
cesses (e.g., Ivanova et al. 2003). Detecting the population
of stripped star binaries that emit GWs will therefore provide
valuable constraints.
LISA itself will also help to identify stripped star sys-
tems since dust extinction is a problem for electromagnetic
searches but does not affect the detectability of GWs. There-
fore, combining electromagnetic searches with the detections
of LISA will give a more complete picture of the stripped star
binary population.
Two low-mass stripped star systems containing WDs are
already found to have orbital parameters detectable with
LISA. CD−30◦11223 (hereafter CD−30◦) is a 0.5 M sub-
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dwarf in a detached, 70-minute orbit with a 0.7 M WD
(Vennes et al. 2012; Geier et al. 2013; Kupfer et al. 2018)
and ZTF J2130+4420 (hereafter ZTF J2130) is a system
containing a 0.3 M subdwarf that transfers material to its
0.5 M WD companion. The orbital period of ZTF J2130 is
short compared to CD−30◦, only 39 minutes (Kupfer et al.
2020). Systems like CD−30◦ with a high WD mass are es-
pecially interesting as progenitors for thermonuclear super-
novae through the sub-Chandrasekhar scenario. In this sce-
nario, the stripped star is thought to initiate mass transfer af-
ter the helium core burning phase. After the WD has accreted
∼ 0.1 M, helium is predicted to be ignited in a shell on the
surface of the WD. This in turn triggers the ignition of carbon
in the core even if the WD mass is significantly lower than
the Chandrasekhar limit (Fink et al. 2010). So far, CD−30◦
is the only known candidate for this scenario.
In this paper, we model the Galactic population of stripped
stars in tight orbits with compact objects, focusing on those
that will be detectable by LISA. Throughout this manuscript,
we refer to these systems as stripped star binaries, but note
that stripped stars are expected to most often be accompanied
by main-sequence stars. By considering a wide mass range
for stripped stars and accounting for both white dwarf and
neutron star companions, we provide first predictions for a
type of gravitational wave source that previously has not been
considered. Our study aims at exploring the parameter space
that LISA will be sensitive to (in terms of stellar properties
and numbers of the stripped star binaries). In addition to elec-
tromagnetic detections, confirmed GW signals will provide
independent constraints on the population of stripped stars in
tight binaries with compact objects. Apart from providing
important constraints on binary evolution, observations of
stripped stars orbiting compact objects will also allow to in-
vestigate the effect of gravitational waves on stellar interiors.
We, therefore, also discuss a number of promising methods
for identifying these binaries in advance of the LISA launch
planned in the early 2030’s.
We structure the article as follows. In Sect. 2, we describe
how we combine detailed models of stripped stars with sim-
ple assumptions for a population, including their mass, age,
and spatial distributions in the Milky Way. We also calculate
the orbital tightening due to GW radiation, which impacts
whether binary interaction is initiated anew (step 7 to 8 in
Fig. 1). In Sect. 3, we present the predicted properties of the
binary systems and estimate their GW signal. In Sect. 4, we
discuss electromagnetic detection techniques and, finally, in
Sect. 5, we summarize our findings.
2. MODELING A POPULATION
Our goal is to simulate the Galactic population of stripped
stars in tight orbits with compact objects and to characterize
if their gravitational wave signals will be detectable by LISA.
We take a Monte Carlo approach to model the population of
these systems. As a baseline model, we assume that all such
systems follow a similar evolutionary pathway as sketched in
Fig. 1. This means that the initially most massive star in the
system loses its envelope either via mass transfer or common
envelope evolution, leaving a stripped star orbiting a main-
sequence star (steps 2-3). Later, when this first stripped star
evolves to either a white dwarf or neutron star, the system re-
mains bound (steps 4-5). Subsequently, the companion star
evolves and swells up and when interaction is initiated, the
mass transfer is unstable, which leads to the development of
a common envelope (step 6). After the successful ejection
of the common envelope, a tight-orbit binary composed of a
stripped star and a compact object is created (step 7). This
second stripped star may fill its Roche lobe either as a re-
sult of orbital tightening from gravitational wave emission or
because it evolves and swells up (step 8).
Here, we describe our initial set-up, the assumptions we
make to evolve the systems, and the star formation rate and
spatial distribution of stars that we use to model the Milky
Way. This section describes our “standard model”, while the
impacts of adjusting various assumptions on the number and
properties of stripped star systems detectable by LISA are
described in Sect. 3.2.2.
2.1. Initial Model Set-up
As a starting point for our simulation, we take the mass-
dependent number density of stripped stars that are created
during the first interaction phase (step 2-3 in Fig. 1) calcu-
lated by Go¨tberg et al. (2019). For this, Go¨tberg et al. (2019)
started with the initial mass function from Kroupa (2001), the
mass-dependent binary fraction presented in Moe & Di Ste-
fano (2017), the period distributions from O¨pik (1924) and
Sana et al. (2012), and a uniform distribution in mass ratio
(see e.g., Kiminki & Kobulnicky 2012; Sana et al. 2012).
They then coupled these distributions with the detailed bi-
nary evolution models of Go¨tberg et al. (2018) to calculate
the number of stripped stars created from stars with initial
masses between 2 and 20 M in a stellar population as a func-
tion of time.
Metallicity is thought to affect the mass, radius, and future
evolution of stripped stars (Yoon et al. 2017; Go¨tberg et al.
2017; Sravan et al. 2019; Gilkis et al. 2019; Laplace et al.
2020), which could alter the number of stripped star bina-
ries and their appearance. However, the strongest effects are
predicted to occur at very low metallicities, which is not ex-
pected to be common in the Galactic thin disk (Bensby et al.
2014), where most of the stripped star binaries should reside
since they are young stars. In simulating the stripped star
population of the Milky Way, we therefore assume a single
composition with solar metallicity (Asplund et al. 2009).
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Following Go¨tberg et al. (2019), we model systems in
which the most massive star initially was between 2 and
20 M. This mass range excludes subdwarfs formed through
low-mass stellar evolution. Low-mass stars (< 2 M) that
form subdwarfs are thought to initiate the common envelope
phase at the tip of the red giant branch when they have large
orbital separations. The resulting binary is therefore also rel-
atively wide (Han et al. 2003) and thus it is unlikely to be a
strong GW emitter. The adopted mass range also excludes
the most massive stripped stars, some of which are predicted
to be progenitors of the BHs with masses > 30 M observed
by LIGO (Abbott et al. 2019). Massive stripped star binaries
are likely to be only a few in the Galaxy (cf. Cygnus X-3,
van Kerkwijk et al. 1992), although would be an interesting
avenue for future study.
2.2. Compact Object Formation
A compact object is created as a result of the death of the
first stripped star, as illustrated in step 4-5 in Fig. 1. Depend-
ing on the mass of the stripped star, either a WD or a NS
is formed. We assume that stripped stars evolve into 1.4 M
NSs if they had initial masses of > 9 M and into WDs if they
had initial masses ≤ 9 M. This dividing line translates to a
stripped star mass of 2.5 M (Go¨tberg et al. 2018). To esti-
mate masses of the WDs, we use the initial to final mass re-
lation constructed using observations of WDs and single star
models from the MIST catalog (see Cummings et al. 2018,
and references therein). Since the relation extends to initial
masses of 7.2 M, we extrapolate to higher masses to reach
at most WD masses of 1.3 M. As a star with initially 9 M
corresponds to a stripped star with 2.5 M, we thus assume
that mass is lost when high-mass WDs are created. The WD
mass relation predicts WD masses higher than their stripped
star progenitors for masses below ∼ 0.9 M. In this regime,
we assume that the WDs have the same mass as their stripped
star progenitors. Which stripped stars leave a BH (and not a
NS) after core collapse is uncertain. Here, we consider this
outcome to be unlikely for the mass range that is concerned
in this study (Ertl et al. 2020). However, stripped stars or-
biting BHs are expected to exist (Yungelson et al. 2020) and
one recently observed star has been considered as a candidate
(see Irrgang et al. 2020; Shenar et al. 2020).
2.3. Formation and Properties of a Second Stripped Star
There are numerous uncertainties associated with the sur-
vival of binary systems through both compact object forma-
tion (Fig. 1; step 4) and common envelope ejection (Fig. 1;
step 6). Together, they make it difficult to accurately predict
the number of stripped stars in tight orbits with compact ob-
jects (Fig. 1; steps 7-8, see also Wu et al. 2020 and Li et al.
2020). Here we assume that the fraction of systems that form
a first stripped star after the first interaction phase also form a
second stripped star, feff, is 10%. This is an approximate but
realistic assumption since many systems are disrupted by the
instantaneous mass-loss associated with the creation of the
compact object and in other cases the subsequent common
envelope results in coalescence. Furthermore, the assumed
fraction is also supported at the high-mass end by the results
of Zapartas et al. (2017), who used binary population syn-
thesis and found that about 7% of stripped stars that have a
companion star at explosion have a compact companion. We
note, however, that Zapartas et al. (2017) studied stripped en-
velope supernovae in general and therefore accounted for the
full mass range, which could change the fraction.
Once a second stripped star is formed, we next assume that
it will have the same mass as the first stripped star created in
that binary system (i.e., steps 3 and 7 in Fig. 1). This sim-
plified approximation is supported because the first phase of
mass transfer can be conservative, causing the progenitor of
the second stripped star to gain mass and thus also allowing
it to be more massive (step 2 in Fig. 1, see Schneider et al.
2015). An example of a system that went through conserva-
tive mass transfer is ϕ Persei (Gies et al. 1998; Schootemei-
jer et al. 2018). Furthermore, the components of binary stars
tend to initially often have similar masses (Sana et al. 2012;
Moe & Di Stefano 2017).
With the mass of the second stripped star established, we
estimate their stellar radii by the interpolating the structure
models of Go¨tberg et al. (2018) over their initial masses. We
adopt radii that are measured halfway through central helium
burning (XHe,c = 0.5). During the long-lasting helium core
burning phase, stripped stars do not expand or contract sig-
nificantly (see e.g., Appendix C of Go¨tberg et al. 2019) and,
therefore, we do not account for their radius evolution in our
simulations (see however the discussion in Sect. 3).
We acknowledge that the models of Go¨tberg et al. (2018)
are constructed for stars stripped of their hydrogen-rich en-
velopes via stable mass transfer, while here we consider stars
that are stripped via the ejections of common envelopes. It is
likely that more material is lost during the more violent com-
mon envelope evolution compared to stable Roche-lobe over-
flow, resulting in somewhat lower masses, smaller stars, and
less left-over hydrogen on the surface (e.g., Ivanova 2011;
Yoon et al. 2017; Fragos et al. 2019). Nonetheless, after in-
specting the solar metallicity stripped star models of Go¨tberg
et al. (2018), we found that the remaining mass of hydro-
gen is very small. Consequently, we expect that it causes
the radius to be at most 0.01R larger. This is less than the
radius evolution the star experiences during central helium
burning. We, therefore, consider that the models of Go¨tberg
et al. (2018) are appropriate to use to represent the physical
properties of stripped stars created via unstable mass transfer.
2.4. Post-Common Envelope Orbits
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Common envelope evolution is thought to result in very
tight, circular orbits if the stars do not coalesce (e.g., Wu
et al. 2018; Fragos et al. 2019). Systems that survive a com-
mon envelope phase are expected to have typical periods
prior to interaction between 100 to 1000 days (e.g., de Mink
et al. 2008; Vinciguerra et al. 2020). Using the α-prescription
(Webbink 1984) and assuming a standard efficiency param-
eter of α = 1 and the envelope structure parameter to be
λ = 0.5 (Dewi & Tauris 2000; Izzard 2004), we estimate that
the orbital periods of the resulting stripped star binaries can
be a few to several hours. However, there are many uncertain-
ties associated with the ejection of a common envelope and
the resulting period distribution is poorly understood. Stud-
ies have suggested both efficient and in-efficient ejection of
the common envelope (Zorotovic et al. 2010; Fragos et al.
2019).
Therefore, for simplicity, in our “standard model” popu-
lation we assume that the orbits after the common envelope
ejection are circular and that the orbital period is uniformly
distributed between the shortest possible period before inter-
action starts, Pmin, and 3× Pmin. This corresponds to periods
between 1 and 10 hours. We calculate Pmin by setting the
Roche radius of the stripped star (Eggleton 1983) equal to
the stellar radius (see Sect. 2.3).
2.5. Evolution of the Orbits
The GW signal from a stripped star binary will be depen-
dent on its orbital separation at the time of observation. We
account for the effect that GW radiation has on the evolu-
tion of the orbital periods after common envelope evolution
following Peters (1964). We also investigated whether tidal
forces would meaningfully impact the orbits following Piro
(2019). We find that the effect of tides is negligible, mainly
because the binary orbits are too wide. Thus, we do not
include tides when calculating the orbital evolution in our
Monte Carlo simulation.
In some cases, the orbital tightening causes the stripped
star to fill its Roche lobe. If the subsequent mass transfer
proceeds in a conservative manner, this can lead to orbital
widening. As the widening from mass transfer counteracts
the tightening from gravitational waves, systems can stall
their orbital evolution at roughly the orbital period at which
they initiated mass transfer (e.g., Kremer et al. 2017). To
better understand the orbital evolution of systems in the later
case, careful evolutionary modeling of the individual systems
are needed (see Yungelson 2008; Brooks et al. 2017; Wu
et al. 2018). As an approximation, in this work we assume
that when the mass transfer is initiated, the orbital evolution
stops. We keep these systems in the Galactic population for
the rest of their lifetime and we label them as mass transfer-
ring.
2.6. Simulating the Milky Way: Distributions of Stars
In order to determine the GW signals that LISA will de-
tect we must project our population, simulated in terms of
the mass-dependent number density of stripped stars, onto
age and spatial distributions consistent with the Milky Way.
Since stripped stars and their progenitors are relatively young
stars (∼ 10 − 1 000 Myr, see Go¨tberg et al. 2019), we as-
sume that their spatial distribution follows the current star-
formation in the Milky Way. In particular, Kennicutt & Evans
(2012) showed that star-formation is relatively smoothly and
uniformly distributed in the thin disk, which has a small typ-
ical scale height of . 0.2 kpc (Mackereth et al. 2017). We
therefore approximate the thin disk to be infinitesimally thin
and also assume that it extends from the Galactic center out
to 15 kpc. For our “standard model”, we randomly distribute
stripped star systems in the thin disk, assuming a constant
star-formation rate of 2 M yr−1 (Chomiuk & Povich 2011;
Xiang et al. 2018). Then, we calculate the distances to each
system by assuming that the Sun is located 8 kpc from the
Galactic center (e.g., Gravity Collaboration et al. 2019).
3. PROPERTIES
3.1. Full Population
We find that the total Galactic population of stripped stars
in tight orbit with a compact object is large. Our model pre-
dicts that, at the present time, there are about 90 000 stripped
stars with WD companions and about 5 000 stripped stars
with NS companions in the Milky Way. The masses of the
stripped stars with WD and NS companions are 0.3− 2.5 M
and 2.5 − 7.4 M, respectively. The chirp masses, defined
as Mchirp = (m1m2)3/5/(m1 + m2)1/5, where m1 and m2 are
the masses of the two stars in the system, are thus in the
ranges 0.3 − 1.0 M and 1.6 − 2.6 M for stripped stars or-
biting WDs and NSs respectively. The orbital periods of
∼ 1 − 10 hours correspond to GW frequencies in the range
fGW = 0.06 − 0.5 mHz. In our model, NSs are assumed
to have more massive stripped star companions than WDs
(cf. Wu et al. 2018) and since massive stripped stars are
also larger, their maximum GW frequencies are limited to
. 0.2 mHz.
We find that 15% of the stripped stars with WD compan-
ions have started mass transfer because of the orbital tighten-
ing from GW radiation. In contrast, we find that only 0.3%
of the stripped stars with NS companions have initiated mass
transfer. The reason for this difference is due to the difference
in age: lower mass stripped stars can be much older, allowing
the GW radiation to act over longer timescales.
The orbital tightening due GW radiation does not induce
an observable time derivative of the GW frequency, f˙GW. In
our simulated population f˙GW . 2 × 10−19 Hz2, while for an
observation time of 10 years, the minimum detectable fre-
quency derivative for LISA is f˙GW, det = 1/T 2obs ≈ 10−17 Hz2.
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We, therefore, conclude that the stripped star systems will
appear as monochromatic GW sources.
3.2. Detectable by LISA
We take the approach of Cornish & Larson (2003) to cal-
culate the orbit-averaged gravitational wave amplitudes, 〈A〉,
for stripped stars in tight orbits with compact objects. For this
calculation, we assume that the binaries have a random incli-
nation, i, drawn uniformly between −1 and 1 from cos i prob-
ability density function – this is to guarantee that all view-
ing angles between the orbital plane and the line of sight are
equally likely – and a random polarization angle drawn from
a uniform distribution between 0 and pi. We then calculate
the characteristic, dimensionless gravitational wave strain,
hc, that the sources would have in LISA following hc =
〈A〉√ fGWTobs (e.g., Kupfer et al. 2018). We calculate the
signal-to-noise ratios (SNR) as SNR = 〈A〉√Tobs/S n( fGW),
where S n( fGW) is the square root of LISA’s power spec-
tral density at the frequency emitted by the binary. This
adopted noise curve corresponds to the mission proposal de-
sign (Amaro-Seoane et al. 2017) and accounts for the con-
fusion noise produced by unresolved Galactic double WDs
from the population modeled by Korol et al. (2017). In this
study, we consider the maximum LISA operation time of
Tobs = 10 years instead of the conservative nominal duration
of 4 years.
Because we take a Monte Carlo approach and the code pre-
dicts low numbers, we run the code 1000 times. We then
measure the mean value and standard deviations by fitting
Poisson distributions to the number of detectable systems,
which we here define as systems with SNR > 5 (Crowder &
Cornish 2007). Below, we first describe the results when as-
suming the previously described set-up. Then, we explore the
dependence that the results have on several uncertain param-
eters by presenting the results when parameters are varied.
3.2.1. Standard Model
We find that LISA will detect 3.1 ± 1.8 stripped stars or-
biting WDs and 0.1+0.4−0.1 stripped stars orbiting NSs. About
half of the detectable WD systems are expected to be mass
transferring. Because of stochastic effects, we find realiza-
tions both with 0 and up to 2 stripped stars orbiting NSs and
between 0 and 10 stripped stars orbiting WDs.
In Fig. 2, we display the results from one of the realiza-
tions. The figure shows the characteristic strain as a function
of GW frequency for the Galactic population of stripped stars
in tight orbit with compact objects, comparing to the sensi-
tivity curve of LISA. This particular realization has one NS
system and four WD systems with SNR > 5. Three of the
WD systems are undergoing mass transfer.
Figure 2 shows that the number of stripped stars in tight
orbit with compact objects that are detectable by LISA con-
stitutes only a small fraction of the entire population. The
stripped star binaries pile up in a disadvantageous part of the
LISA band between 0.06 and 0.6 mHz. In this frequency
regime, the amplitude of a source needs to be more than an
order of magnitude larger than for sources with fGW > 1 mHz
to be detectable with LISA (compare for instance with the
double white dwarfs (DWDs) from Lamberts et al. 2019 in
Fig. 2). In practice, because stripped star binaries have sim-
ilar chirp masses but lower frequencies compared to DWDs,
LISA will only be able to detect them at shorter distances
(see also Fig. 3e). Other double compact object binaries are
expected to overlap with the part of parameter space where
stripped star binaries reside (see Table 2). Sesana et al.
(2019a) predict about 6 double BHs detectable by LISA,
while the Galactic double NS population is predicted to
contain between 35-300 detectable systems (Andrews et al.
2020; Lau et al. 2020).
We mark the location of the two detected, low-mass
stripped star systems CD−30◦ and ZTF J2130 in Fig. 2.
CD−30◦ has a predicted SNR of ∼ 5 for a 4 year observa-
tion time (Kupfer et al. 2018). Its location in the diagram
in Fig. 2 is consistent with what we expect for detached sys-
tems containing a low-mass stripped star with a WD compan-
ion. ZTF J2130 reaches the detection threshold of SNR= 5
after 10 years of the LISA mission. We note that it has a
shorter orbital period (higher GW frequency) than allowed
in our model. ZTF J2130 is an interacting system where the
stripped star is transferring material to its WD companion.
This could explain the smaller radius of the stripped star in
the system, which allows the orbit to be tighter (cf. Yungelson
2008). The short orbital period of ZTF J2130 suggests that
our treatment of mass transferring systems is not completely
accurate and that there should be more detectable systems at
higher GW frequencies. Therefore our predictions are likely
to be underestimated.
In addition to LISA, we also show the sensitivity curve of
the recently proposed mission µ-ARES (Sesana et al. 2019b)
in Fig. 2. With its 400 million km long arms, µ-ARES
reaches the µHz regime and would detect many more of
the stripped star systems. Assuming an operation time of
10 years, we estimate that µ-ARES would detect around 30
stripped star systems with SNR > 5, about 5 of which with
NS companions. This is still a small fraction of the total
Galactic population since µ-ARES also will suffer from the
astrophysical noise introduced by DWDs, seen as a bump
in the sensitivity curve at the low-frequency end. However,
since µ-ARES reaches very low frequencies, the entire period
range for stripped stars in tight orbit with compact objects
can be probed. In addition, with the dozens of detectable
systems, systematic studies of for example orbital tightening
due to GW radiation and tides can be done.
To better understand the characteristics of the detectable
population of stripped stars in tight orbit with compact ob-
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Figure 2. The dimensionless, characteristic strain and gravitational wave frequency for stripped stars orbiting compact objects in one of our
population realizations. Stripped stars with white dwarf and neutron star companions are marked with light and dark blue dots, respectively.
The systems that are undergoing mass transfer are marked with a dark border surrounding the dot. We show the sensitivity curves for LISA and
µ-ARES in light and dark gray backgrounds. Most of the stripped star binaries are undetectable by LISA, but the ones that are detectable are
expected to be nearby (. 1 kpc) and can therefore be followed up in the electromagnetic regime. In this realization, 1 stripped star in orbit with
a NS and 4 stripped stars orbiting WDs have SNR > 5, assuming a 10 year operation time. Of these, 3 of the WD systems are interacting. For
comparison, we also show a Monte Carlo model for double white dwarfs (labeled DWDs) in light green dots from Lamberts et al. (2019). The
detectable population of DWDs is characterized primarily by higher GW frequency, making them easier to detect with LISA, but they are also
expected to be much fainter in the electromagnetic radiation than stripped star systems. The observed low-mass stripped stars orbiting white
dwarfs, CD−30◦ and ZTF J2130, are marked with a black square and diamond respectively. We note that ZTF J2130 is interacting, which likely
explains why its orbit is smaller than what our model predicts (see Sect. 2). The dashed gray lines indicate different orbital periods.
jects, we display several of their properties in Fig. 3. To
avoid stochastic effects, we show the results for all systems
with SNR > 5 in the 1000 runs.
The mass distribution for detectable stripped stars (Fig. 3a)
is skewed towards low-mass systems. This is both because
low-mass stripped stars are more common and because they
have smaller radii. Because they have smaller radii, they fit
in tighter orbits and can reach higher GW frequencies, which
are easier to detect with LISA. For NS systems, the mass
distribution for detectable stripped stars is close to flat al-
though the higher mass systems are rarer. The reason is that
the GW amplitude depends on the chirp mass, meaning that a
larger fraction of the higher mass systems will be detectable.
The distribution of chirp masses of the detectable systems is
shown in Fig. 3b and has a similar shape as the distribution of
stripped star masses. The figure shows that of all detectable
systems, the majority have WD companions and, therefore,
have chirp masses below 1.5 M.
The distribution of orbital periods of the detectable sys-
tems is shown in Fig. 3c. There is a sharp peak around 1-2
hours for stripped stars with WD companions and around 3
hours for stripped stars with NS companions. The main rea-
son for these peaks is that LISA is more sensitive to short pe-
riod binaries. For the systems including WDs, the orbits can
be significantly tightened by GW radiation, causing a pile-up
of systems at short orbital periods. The figure shows that it is
unlikely that LISA detects a system with period longer than 5
hours, corresponding to a minimum GW frequency of around
0.1 mHz. Figure 3d shows the distribution of gravitational
wave frequencies. It is visible that most detectable WD sys-
tems have frequencies between ∼ 0.2 − 0.6 mHz, while the
detectable NS systems have ∼ 0.1 − 0.2 mHz. The reason
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Figure 3. Properties for the detectable population (SNR > 5) of
stripped stars in tight orbit with compact objects. From top-left to
bottom-right we show the mass distribution of the stripped stars, the
chirp mass distribution, the orbital period distribution, the distribu-
tion of GW frequency, the distance, and the SNR distribution. The
population of systems with NS companions are shown in dark blue
and the population with WD companions are shown in light blue.
We mark the contour of the WD distribution. To avoid low-number
statistics, this figure is made using all detectable sources in the 1000
runs of our “standard model”.
that most detectable systems have the described range of pe-
riods and GW frequencies is that LISA’s sensitivity rapidly
decreases with decreasing GW frequency.
The GW amplitude depends on the distance to the source,
leading the observable horizon for stripped star systems to
be limited to ∼ 1 kpc, as can be seen in Fig. 3e. The WD
systems have somewhat lower masses (see Fig. 3b) and are
therefore detectable within ∼ 500 pc, while NS systems can
be detected at larger distances.
Most of the detectable systems are expected to have low
SNR, as is shown in Fig. 3f. The figure shows that it is un-
likely, but possible, that a source with SNR& 10 will be de-
tected.
3.2.2. Model Variations
Aside from the “standard model”, we also explore param-
eter variations, which reflect our lack of knowledge in dif-
ferent aspects. The exploration of these uncertainties covers
many different axes of research, which are beyond the scope
of this paper, but would merit their own exploration.
For each parameter variation, we start from the standard
set-up described in Sect. 2 and vary the uncertain parame-
ters, one by one. For each parameter variation, we run the
code 100 times and count the number of detectable systems
each time. Below, we describe how we vary the different pa-
rameters in each of these model variations.
Wider orbits: In one model, we explore the impact of the
uncertain post-common envelope period distribution. To do
this, we assume a wider period distribution from Pmin up to
10 × Pmin. In this case, orbital periods can be as long as 30
hours.
Efficient formation: In another model, we investigate how
much the formation efficiency of a second stripped star af-
fects the number of detectable systems. For this, we as-
sume that no binary disruptions or mergers occur and all sys-
tems that create a first stripped star then also create a sec-
ond stripped star in a tight orbit with a compact object, i.e.,
feff = 100%.
Smaller radii: Shorter periods and thus higher GW frequen-
cies than what we consider in the standard model are pos-
sible. As mentioned in Sect. 2, the radii of stripped stars
hardly change during their evolution, but these very small
changes are sufficient to accommodate compact objects at
even tighter orbits than what we previously have assumed.
By investigating the evolutionary models of Go¨tberg et al.
(2018), we found that the radii of stripped stars can be up to
30% smaller than what we assume during their central he-
lium burning phase (steps 3 and 7 in Fig. 1). Interestingly,
this is sufficient to allow detached binaries with frequencies
up to 0.9 mHz and thus also systems such as ZTF J2130 are
included (cf. Kupfer et al. 2020). In this model variation,
we therefore assume that stripped stars radii are 30% smaller
than those in the models of Go¨tberg et al. (2018), resulting in
orbital periods from 35 minutes to 5 hours.
LowerWDmasses: In lack of carefully determined relations
between stripped star mass and WD mass, we adopted a sim-
plified approach that originates from evolutionary models of
single stars (see Sect. 2). Because envelope-stripping stops
the growth of the stellar core, it is possible that we somewhat
overestimated the WD masses. To explore the effect of the
WD mass on the number of detectable systems, we create
one model in which we set all WD progenitors more massive
Stripped stars as living gravitational wave sources 9
Table 1. The number of stripped stars orbiting white dwarfs (NWD)
and neutron stars (NNS) that are detectable with LISA (SNR > 5).
We show the numbers for different variations of relevant parameters
(see Sect. 3.2.2).
Model NWD NNS
Standard (Sect. 3.2.1) 3.1 ± 1.8 0.1+0.4−0.1
Wide orbits (Pmax = 10Pmin) 0.6+0.8−0.6 0.1
+0.2
−0.1
Efficient formation ( feff = 100%) 30 ± 5 1.1 ± 1.0
Smaller radii (0.7R?) 100 ± 11 4.0 ± 2.0
Maximum WD mass 0.6 M 2.9 ± 1.7 0.1+0.3−0.1
Higher SFR (4 M yr−1) 6.1 ± 2.5 0.3+0.6−0.3
Nominal operation time (4 yr) 1.2 ± 1.1 0.0+0.2−0.0
Note—The settings of the “standard model” are: (1) period range
between the minimum period and three times the minimum period,
(2) feff = 10%, meaning that 10% of the systems that create a first
stripped star also creates a second that orbits a compact object, (3)
radii measured halfway through central helium burning in the mod-
els from Go¨tberg et al. (2018), (4) masses of WDs mapped from
initial masses following Cummings et al. (2018) but with maximum
mass of the progenitor mass of 1.3 M, (5) star-formation rate in
the Milky Way of 2 M yr−1, and (6) operation time of LISA of 10
years.
than 0.6 M to become WDs with masses of 0.6 M. The
lower mass WDs have the same mass as their progenitors.
Higher star-formation rate: The Galactic star-formation
rate is somewhat uncertain. To explore an optimistic sce-
nario, we create a model in which we assume the Galactic
star-formation rate is twice as high compared to what we pre-
viously assumed, i.e., 4 M yr−1(e.g., Diehl et al. 2006).
Nominal operation time: Throughout this paper we assume
a LISA mission duration of 10 years, however this is yet to
be confirmed and will be definitively set in early 2020s when
ESA will fully adopt the mission. At present, the nominal
mission lifetime is conservatively set to 4 years. Therefore,
we consider a model in which we assume the nominal oper-
ation time of 4 years.
The number of detectable stripped star systems in the dif-
ferent model variations are presented in Table 1. As dis-
cussed in Sect. 3.2.1, about three systems are expected to
have SNR > 5 in our “standard model” and that in about one
out of ten cases one of them includes a NS.
Table 1 shows large differences in the number of detectable
systems between the different model variations. The largest
difference occurs when we assume that stripped stars are 30%
smaller. Then, the number of observable sources increases
up to about 100 for WD systems and about 4 for NS sys-
tems. This suggests that LISA can provide strong constraints
on the minimum radii of stripped stars. The assumption for
how efficient the formation of stripped stars orbiting com-
pact objects also directly impacts the number of detectable
systems. When assuming that feff = 100% instead of the
standard feff = 10%, the number of observable systems is
an order of magnitude higher. The orbital period distribution
also significantly affects the number of detectable systems.
By increasing the maximum period from 3×Pmin to 10×Pmin,
the number of detectable systems decreases below one. We
find that the other variations are less important for the number
of detectable systems. When assuming that WDs cannot be
more massive than 0.6 M, we find no significant difference
in the number of detectable sources. The detectable number
is directly proportional to the assumed star-formation rate of
the Milky Way. Therefore, in the run where we doubled the
Galactic star-formation rate, the number of detectable sys-
tems is also doubled. The table also shows that maybe only
one system is expected to be detected during the first 4 years
of operation.
The differences in the number of detectable systems be-
tween the variations are very interesting for constraining bi-
nary evolution models. If, for example, tens to hundreds of
sources are detected by LISA, our “standard model” is in-
accurate. If the sources are at higher frequencies than what
we predict, stripped stars can be smaller than what we have
assumed, meaning that the period distribution also will be
different. The GW frequency of interacting systems will also
help to constrain the conservative mass transfer. On the other
hand, if LISA does not detect any more stripped star binaries
than the already known CD−30◦ and ZTF J2130, it could
suggest that the efficiency of common envelope ejection is
higher than what we have assumed in this study.
Wu et al. (2020) simulated the number of low-mass
stripped stars (subdwarf B stars) in tight orbit with NSs using
population synthesis and detailed evolutionary models (see
also Wu et al. 2018). They found that ∼ 100 − 300 systems
have SNR > 1 in the LISA band after 4 years of observa-
tions. In contrast, our standard model predicts only 30 sys-
tems will have SNR > 1 after 4 years of observations. Given
that we consider a full range of possible masses, the discrep-
ancy between the two predictions is puzzling. A combination
of differences could provide explanations. Wu et al. (2020)
assumed a higher Galactic star-formation rate of 5 M yr−1,
they predicted a large Galactic population of sdB + NS sys-
tems created via common envelope ejection of at maximum
6000 systems, and, maybe the most important difference,
they considered efficient common envelope ejections.
4. ELECTROMAGNETIC COUNTERPARTS
Other types of GW sources will be present in the predicted
frequency range of stripped star binaries. In Table 2, we pro-
vide the predicted numbers, GW frequencies, chirp masses
and distances to sources that are expected to be monochro-
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Table 2. Comparison of stripped star binaries with other monochromatic LISA sources. In the columns, we give in order: the type of source,
the predicted number of systems that will be detected by LISA, the gravitational wave frequency, the range of chirp masses, and the typical
distances out to which the sources are expected to be detected. (The distances are approximate, and we note that, for example, some double
WDs in the Andromeda galaxy may be detectable (Korol et al. 2018).)
GW source Number Frequency Chirp mass Distance
Stripped star + NSa ∼ 0 − 4? (SNR > 5) < 0.2 mHz 1.6 − 2.6 M . 1 kpc
Stripped star + WDa ∼ 0 − 100? (SNR > 5) < 0.6 mHz 0.3 − 1.6 M . 1 kpc
Double WDs & 10 000b,c,† (SNR > 7) 0.5 − 10 mHzb 0.1 − 1 Mb . 30 kpc
Double NSs ∼ 10 − 100† (SNR > 7)d,e 0.1 − 10 mHzd ∼ 1.2 M . 140 kpc
Double BHs f ∼ 6? (SNR > 7) 0.1 − 1 mHz ∼ 3 − 50 M . 5000 kpc
Note—† Tobs = 4 years, ? Tobs = 10 years. a This work, b Lamberts et al. (2019), c Korol et al. (2017), d Lau et al. (2020), e Andrews et al.
(2019), f Sesana et al. (2019a).
matic in the LISA band. The table shows that double com-
pact objects occupy the same frequency range as stripped star
binaries. The predicted rates of double compact objects are
either similar (as in the case of double BHs and double NSs)
or much larger (as in the case of double WDs) compared to
stripped star binaries. Therefore, at frequencies . 1 mHz,
it will be difficult to distinguish between stripped star bina-
ries and double compact objects using the GW strain and fre-
quency alone.
However, there is a notable difference between stripped
star binaries and double compact objects: stripped stars are
bright electromagnetic sources. This makes them much eas-
ier to locate and study than many of the compact object bina-
ries (e.g., Rebassa-Mansergas et al. 2019). For this reason,
they are (1) important, low-frequency verification binaries
for LISA, and (2) suitable for studying and constraining bi-
nary evolution, for example how double compact objects are
created (e.g., Figure 1). In this section, we discuss promising
techniques for detecting stripped star binaries in the electro-
magnetic regime.
4.1. Photometric Brightness of the Stripped Stars
Because compact objects are intrinsically faint (or do not
emit light at all), a stripped star in orbit with a compact
object should look much like an isolated stripped star: hot
(& 30 kK) and helium-rich (with the exception of the lowest
mass stripped stars, see Go¨tberg et al. 2018). Single stripped
stars are expected to be rare as they should have been ejected
from a binary system (Pols 1994; Renzo et al. 2019). There-
fore are stripped stars that appear to be single good candi-
dates for hosting compact companions.
Stripped stars are the brightest in the short, extreme-
ultraviolet ionizing wavelengths, but they are still relatively
bright in the optical. The first histogram along the diagonal
in Fig. 4 shows the distribution of apparent Gaia/G magni-
tudes for the Galactic population of stripped stars in tight or-
bit with compact objects (using the AB magnitude system).
The panel shows that the full population has apparent magni-
tudes between ∼ 10 − 25 mag. This is significantly brighter
than double WDs, whose magnitudes peak at ∼ 30 − 40 mag
(Korol et al. 2017). The stripped star binaries containing NSs
are brighter than those containing WDs, reaching a maximum
magnitude of ∼ 15 mag. The reason is that we assume that
the stripped stars accompanying NSs are more massive and
therefore brighter than those accompanying WDs. Since the
systems that are detectable by LISA are at ∼ 100 − 1 000 pc
distance (see Fig. 3e), their apparent magnitudes are expected
roughly between 3 and 15 mag. For the displayed model re-
alization, the sources detectable by LISA are encircled in the
middle and bottom left panels of Fig. 4. The panels verify
that the sources detectable by LISA are indeed brighter than
the bulk of the population, simply because they are nearby.
We note that we have not accounted for extinction, which sig-
nificantly dims the distant stars, but is less severe for nearby
stars.
Despite their brightness, and even proximity in some cases,
stripped stars have been difficult to detect in the Milky Way.
One reason is that they are relatively young and therefore ex-
pected within the thin disk, at low Galactic latitudes, where
extinction is high and stellar crowding is a known issue.
When the stars are dimmed and reddened by extinction,
hot stars are difficult to identify by their color, resulting
in more sophisticated techniques being required (see e.g.,
Kupfer et al. 2020). The two known binaries CD−30◦ and
ZTF J2130 , containing low-mass stripped stars and white
dwarf companions, are indeed located at low Galactic lati-
tudes (Geier et al. 2013; Kupfer et al. 2020), which matches
well with the evolutionary pathway that we are suggesting.
With the large incoming data from Gaia, a large population
of subdwarfs has now been identified (Geier et al. 2019).
This database would be interesting to mine in the search for
signatures of close compact companions.
Stripped stars as living gravitational wave sources 11
Figure 4. Distributions and correlations of observable properties for the Galactic population of stripped stars in tight orbit with compact objects.
In the diagonal, we show, from left to right, the apparent magnitude in the Gaia/G band using the AB magnitude system and not accounting for
extinction, the total radial velocity shift expected for the stripped star, and the fractional flux variations expected due to distortion of tidal forces
over an orbital period. In the panels below the diagonal, we show the correlations between the different properties. We split the population into
systems containing a WD and a NS and show the distributions for these two groups separately. The stripped star + WD population is shown in
blue shades and the stripped star + NS population is shown in purple shades. From inside out, the contours enclose 38.3, 68.3, 86.6, 95.4, 98.8,
and 99.7% of the total population. The figure displays the same realization as in Fig. 2. We mark the systems that have SNR > 5 in LISA with
a larger circle. The color of the circle is blue if the system contains a WD and purple if it contains a NS.
4.2. Orbital Motion
Because of the very short orbital periods, we expect that
the spectral lines of the stripped star show significant radial
velocity (RV) variations if the star is in a tight orbit with a
compact object. The second panel in the diagonal in Fig. 4
shows the distribution of the predicted total RV variation for
the stripped star in each system, accounting for the viewing
angle. About 90% of the systems are expected to show RV
variations higher than 200 km s−1 and we predict RV varia-
tions up to 600 km s−1 for WD systems and up to 450 km s−1
for NS systems. The stripped stars accompanying a WD are
expected to show larger variations compared to the ones ac-
companying a NS, because the low-mass stripped star sys-
tems have more equal mass ratio than the high-mass stripped
star systems, where the stripped star is more massive than the
NS.
Large surveys with multi-object spectrographs, such as
4MOST (de Jong et al. 2014), WEAVE (Dalton et al. 2012),
and the Milky Way mapper survey included in SDSS-V
(Kollmeier et al. 2017), will be excellent instruments for not
only locating apparently single stripped stars but also identi-
fying RV shifts. Very nearby sources (. 100 pc) with some-
what longer orbital periods (& 3 hours) and face-on incli-
nations could be detected as binary stars by their astrometric
signature measured by the Gaia spacecraft (∼ 0.03 mas, Gaia
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Collaboration et al. 2016)1. We expect that such very nearby
systems are only a few. In the realization shown in Fig. 2,
only one system is expected to have an astrometric signature
that is detectable with Gaia.
4.3. Deformation Leading to Variability
For the tightest systems, the stripped star is deformed by
tidal forces induced by the compact object, causing the star
to take a drop-like shape. Because the visible surface area
depends on the viewing angle, the brightness of the stripped
star appears to increase and decrease twice every orbit for
systems that are seen at, or close to, edge-on inclinations.
We estimate this relative flux variation, also referred to as
ellipsoidal modulation, for each system in the Galactic pop-
ulation of stripped stars binaries assuming that they are all
tidally locked and following Bloemen et al. (2012, see their
Eq. 4). For the calculation, we assume that the linear limb-
darkening coefficient is 0.2 and the gravity-darkening coeffi-
cient is 0.3, which is the best match for hot stars according
to Claret (2017). The resulting distribution of expected el-
lipsoidal modulations are shown in the last panel along the
diagonal in Fig. 4. All systems in the population show small
flux variations of less than 5% for WD systems and less than
3% for NS systems. This leads to magnitude variations of
. 0.05 mag.
The observed system ZTF J2130 shows clear flux varia-
tions of up to 30% (Kupfer et al. 2020) and CD−30◦ has
flux variations of about 10% (Geier et al. 2013). Simi-
lar flux variations were also found by Kupfer et al. (2017)
for another low-mass stripped star orbiting a WD (OW
J074106.0294811.0). These observed flux variations are sig-
nificantly larger than our expectations. One reason could be
that the darkening coefficients for the hot stars used as cali-
bration by Claret (2017) are different for stripped stars. We
also note that ZTF J2130 has a tighter orbit than the stars in
our population, which affects the ellipsoidal modulations. In
addition, ZTF J2130 is eclipsed by an accretion disc, which
further increases the system’s flux variations. Because of the
difference with observed systems, we consider our predicted
flux variations to be lower limits.
For detecting ellipsoidal modulations, Gaia, OGLE (Udal-
ski et al. 2015), ZTF (Bellm et al. 2019), and BlackGEM
(Bloemen et al. 2016) are suitable instruments since they
have sufficient cadence and spatial resolution in the Galac-
tic plane.
4.4. X-ray Emission
Because the compact object orbits so close to the surface of
the stripped star, it sweeps up material in the densest regions
of the stellar wind, thus producing X-ray emission. During
1 See https://sci.esa.int/s/AG513LW
the accretion, the potential energy of the material falling onto
the compact object is converted into luminosity following
LX = ε
GMCOM˙acc
Racc
, (1)
where MCO is the mass of the compact object, M˙acc is the
mass accretion rate, Racc is the radius at which the accretion
occurs, and G is the gravitational constant. The parameter ε
describes how efficient the conversion to luminosity is. In the
case of compact objects, the bolometric luminosity generated
during accretion is primarily emitted in the X-rays, which is
why we refer to it as LX in Eq. 1 (see also Mereghetti et al.
2009; Fragos et al. 2013).
We use Eq. 1 to estimate the X-ray luminosity of the Galac-
tic stripped star binaries. For this, we assume that the accre-
tion occurs on the surface of the compact object and assume
that NSs have radii of 10 km, while we set the radii of WDs to
follow the mass-radius relation of Tout et al. (1997). We set
the parameter ε to 1 in case the compact object accretes mate-
rial at higher than 10% of its Eddington accretion rate. When
this is not the case, we compute ε assuming an advection-
dominated accretion flow following Xie & Yuan (2012). The
parameter ε is between 0.01 and 1 for NS accretors, but can
be several orders of magnitudes lower for WD accretors.
The assumed mass accretion rate is important for the fi-
nal estimated X-ray luminosity. In the case of detached sys-
tems, we assume the Bondi-Hoyle accretion rate developed
for stars sweeping up material from the surroundings (Bondi
& Hoyle 1944, see also e.g., Frank et al. 2002; Belczynski
et al. 2008; Breivik et al. 2019). The material surrounding the
compact object in the stripped star binaries is the stellar wind
emitted from the stripped star. Since the winds of stripped
stars are poorly understood, we need to make a few assump-
tions for the wind properties. First, we assume the wind
mass-loss algorithm of Krticˇka et al. (2016) for stripped stars
less massive than 1.5 M and ten times lower values than
what is predicted from the prescription of Nugis & Lamers
(2000) for the higher mass stripped stars. We reduce the wind
mass loss rates for the higher mass stripped stars to reach val-
ues consistent with the predictions from the theoretical wind
models of Vink (2017) for intermediate mass stripped stars.
The resulting wind mass-loss range is between 10−20 and
10−7 M yr−1. We note that the low end of the mass-loss rate
estimates is particularly uncertain since such low wind mass-
loss rates have never been measured. Second, we assume that
the maximum wind speed, that is, the terminal wind speed,
v∞, is 1.5 times larger than the escape speed from the stel-
lar surface, which matches with the observed winds of WR
stars (Lamers & Cassinelli 1999). This results in terminal
wind speeds of v∞ ∼ 1500 − 2500 km s−1, with the slower
winds expected for the lower mass systems and vice versa.
For the wind velocity profile, we assume a standard β-law
Stripped stars as living gravitational wave sources 13
(v(r) = v∞(1−Rstrip/r)β, where r is the distance from the cen-
ter of the stripped star and Rstrip is the radius of the stripped
star, see e.g., Castor & Lamers 1979) and set β = 1.
For systems that have initiated Roche-lobe overflow, we
take a simplified approach and assume that all of the stellar
wind is funnelled to the compact object. This means that the
compact object accretes material at the same rate the stripped
star is losing material. The mass transfer rate is likely higher
during Roche-lobe overflow than what this assumption pre-
dicts, which could result in both higher accetion rates and
higher X-ray luminosties (see Nelemans et al. 2004; Wolf
et al. 2013). We note that when stripped stars have depleted
helium in the center, they may expand and initiate interac-
tion anew (Laplace et al. 2020). Since the star then swells
rapidly, the mass transfer rate is expected to be much higher
than what we assume for wind mass loss rate, which could
lead the system to appear as an ultra-luminous X-ray source
(ULX, e.g., Shao et al. 2019). However, because that phase
is expected to be short-lasting, only a few such systems are
expected (Shao et al. 2019) and we, therefore, do not account
for such systems.
In Fig. 5, we show the predicted X-ray luminosities as
function of stripped star mass for the Galactic population of
stripped stars in tight orbit with compact objects. We find
that the X-ray luminosities of the stripped star systems can
range from below 1026 erg s−1 up to 1040 erg s−1. In the case
of NS accretors, the systems are typically detached and have
LX ∼ 1033 − 1036 erg s−1. That means that all the Galactic
NS systems (about 5 000 sources) would be within the flux
detection limit of eROSITA (2× 10−14 erg cm−2 s−1, Merloni
et al. 2012) and about 75% of them would be within the flux
detection limit of ROSAT (5×10−13 erg cm−2 s−1, Voges et al.
1999, see also Boller et al. 2016).
The high fraction of X-ray bright sources from our sim-
ulated population suggests that stripped stars in tight orbits
with compact objects may already exist in the ROSAT 2RXS
catalog, which contains ∼ 100 000 sources with unknown
origin (Boller et al. 2016). Rarely, we find X-ray luminosities
in the regime of ULXs (LX & 1039 erg s−1) and only one or a
few such sources are expected. Our predictions for the X-ray
luminosity of NSs wind-fed by stripped stars are much lower
compared to the observed luminosity of ∼ 1038 erg s−1 of the
WR X-ray binary Cygnus X-3 (Cyg X-3, e.g., Zdziarski et al.
2010). Cyg X-3 is an ∼ 8 M WR star and a & 3 M compact
object on a 4.8 hour orbit (van den Heuvel & De Loore 1973;
van Kerkwijk et al. 1992). Reasons for the high X-ray flux
of Cyg X-3 compared to our predictions could be that the
WR star has higher mass-loss rate or that accretion is more
efficient than what our models predict.
The expected X-ray luminosities from the WD systems is
lower compared to what is expected from the NS systems.
First, the apparent jump in X-ray luminosity visible in Fig. 5
is due to the larger radii of WDs (see Eq. 1). Second, the wind
mass loss rate of stripped stars decreases with decreasing
mass, which both affects the amount of material that is avail-
able for accretion and how efficiently it is accreted. With our
simple assumptions, we predict that the WD systems have
X-ray luminosities between 1028 erg s−1 and 1032 erg s−1 if
they contain stripped stars more massive than around 1 M.
This estimate matches relatively well with the observed X-
ray luminosity of the system HD 49798, which is a 1.5 M
stripped star that most likely orbits a WD in a 1.5 day or-
bit (LX ∼ 2 × 1031 erg s−1, Mereghetti et al. 2009). How-
ever, HD 49798 has a longer orbital period than what we
consider, and at such long orbital periods we predict about
two orders of magnitudes lower X-ray luminosities, which
could imply that our assumption for the accretion efficiency
is too low. Our estimates indicate that systems with lower-
mass stripped stars (. 1 M) typically have very low X-ray
luminosities (. 1028 erg s−1), which makes them hard to de-
tect in X-rays. However, if they are undergoing mass transfer,
even systems containing the lowest mass stripped stars might
become sufficiently X-ray bright to be detected. We estimate
that only about 300 WD systems are sufficiently X-ray bright
to be detectable with eROSITA. Most of these systems con-
tain stripped stars with & 1 M and are located within a few
kpc.
We stress that our predictions for the X-ray luminosities
are uncertain. For the higher-mass systems (Mstrip & 1 M),
the orbital period significantly affects the X-ray luminosities.
If, for example, all systems would have orbital periods of
10 days the wind-fed systems at maximum reach X-ray lu-
minosities of 1032 erg s−1, meaning that just a few percent
would be within the flux detection limit of eROSITA. For the
low-mass WD systems, both the conversion from mass accre-
tion to X-ray luminosity (ε) and the assumed wind mass-loss
rate of the stripped star have large impact on the X-ray lu-
minosity. The theoretical wind mass-loss scheme of Krticˇka
et al. (2016) is verified with observed subdwarf stars, but no
wind mass-loss rate lower than 10−11 M yr−1 could be mea-
sured, meaning that our predictions for stripped stars with
lower mass than ∼ 1 M are based on extrapolations. Apart
from uncertainties related to the physical properties of the
systems, the detectability of X-ray sources is also affected
by crowding, since the binaries are expected in the Galac-
tic plane, and extinction along the line of sight (affecting es-
pecially energies . 0.5keV, see Wilms et al. 2000). How-
ever, since the uncertainties are related to physical proper-
ties, we consider that characterizing the Galactic population
of stripped star X-ray binaries appears to be a very promis-
ing technique to understand progenitors of double compact
objects and to constrain uncertain properties such as the stel-
lar winds of stripped stars. Since some of the expected LISA
sources should have significant X-ray emission, we highlight
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Figure 5. Estimated X-ray luminosity of the Galactic population of stripped stars in tight orbit with white dwarfs and neutron stars as function
of stripped star mass. Each system is represented by a dot that is colored according to the orbital period. The expected X-ray luminosity if
the periods were 1 and 10 days are shown with a line and corresponding label. For most systems, wind accretion onto the compact object is
responsible for the X-ray emission. For the systems in which the stripped star is filling its Roche lobe, we assume that M˙acc = M˙wind, which
increases their estimated X-ray luminosity by several orders of magnitudes. The efficiency parameter ε is set to 1 for systems that exceed 10%
of the Eddington accretion rate, while for systems that accrete slower we adopt the algorithm of Xie & Yuan (2012) for advection dominated
accretion-flows. We shade the region of M˙acc > M˙wind and ε = 1 with green. The boundary of this region roughly corresponds to the distinction
between mass-transferring and wind-fed systems. We note that the accretion rate can be higher during mass transfer compared to what we
assume, meaning that some systems may be discovered inside the green-shaded region. The assumption for the companion type of the stripped
stars is labeled and marked with a dotted line. It is possible that lower-mass stripped stars have neutron star companions (cf. Wu et al. 2018),
which could result in higher X-ray luminosities. One or a few Galactic systems could be so X-ray bright that they appear as ultraluminous X-ray
sources (see also Shao et al. 2019). We mark the 50, 10, 1 and 0.1 kpc horizons for eROSITA (flux limit ∼ 2 × 10−14 erg cm−2 s−1, Merloni
et al. 2012) with gray shade and labels. This realization is the same as is shown in Figs. 2 and 4 and we encircle the binaries that have SNR> 5
in LISA. We also mark the location of HD 49798, which is a 1.5 M stripped star likely orbiting a WD (Mereghetti et al. 2009), and Cyg X-3,
which is a ∼ 8 M WR star orbiting a compact object (van Kerkwijk et al. 1992).
that joint observations with LISA and Athena could be very
valuable (McGee et al. 2020).
5. SUMMARY
We modeled the Galactic population of stars stripped of
their hydrogen-envelopes that are in tight binaries with com-
pact objects. These systems result from common envelope
evolution and are believed to be a necessary step in the cre-
ation of merging double compact objects (e.g., Tauris et al.
2017). Moreover, these systems are plausible progenitors
for Ia supernovae (e.g., Wong & Schwab 2019). Because
stripped star radii are small, common envelope evolution can
tighten binary systems that contain such a star with a compact
object to detectable GW frequencies.
Since their emitted GWs are limited to the sub-mHz regime
by the size of the stripped star (. 0.6 mHz), we expect that
stripped star binaries will appear as monochromatic sources
in the LISA band. They are good verification binary candi-
dates in the low-frequency regime of LISA, since they are
bright in electromagnetic radiation and can therefore be dis-
covered and studied in advance of LISA’s launch.
We predict that the total Galactic population of stripped
stars in tight orbit with compact objects is large: about 90 000
WD systems and about 5 000 NS systems. However, only a
small subset of them will be detected by LISA. We estimate
that ∼ 0 − 4 stripped stars in orbit with a NS and ∼ 0 − 100
stripped stars in orbit with a WD will be detectable by LISA
with SNR > 5 over an observation time of 10 years. These
systems are located within 1 kpc distance and have short or-
bital periods, typically between 1 and 5 hours. We provide a
range for the number of detectable systems since the estimate
is significantly affected by uncertainties primarily related to
physical processes in interacting binaries and stellar prop-
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erties. We do not expect any significant contribution from
stripped star binaries to the astrophysical noise, because the
double WD population is at least two orders of magnitude
larger.
Apart from some being LISA sources, stripped stars in
tight orbits with compact objects are also excellent for con-
straining uncertain processes in binary evolution. The num-
ber of detectable systems is dependent on, for example, the
outcome of common envelope evolution, the disruption of
binaries related to the formation of a compact object, and
the response of stripped stars to mass transfer (cf. Wu et al.
2020). The actual number of detected LISA sources will thus
provide valuable constraints. In addition, individual observed
systems will be useful for understanding for example wind
mass loss from stripped stars, which currently is poorly un-
derstood but significantly impacts the future evolution of the
binary (e.g., Gilkis et al. 2019; Laplace et al. 2020).
With their relevance both as LISA verification binaries and
for constraining binary evolution, it is important to study the
Galactic population of stripped star binaries in advance of
LISA’s launch. We estimate that the Galactic population of
stripped stars orbiting NSs have X-ray luminosities of typ-
ically 1033 − 1036 erg s−1 and could therefore be detectable
by eROSITA. A promising technique to locate stripped star
+ NS systems could, therefore, be to identify X-ray sources
and then follow them up with optical spectroscopy to ver-
ify that their optical spectrum appears as an isolated stripped
star. If these targets are part of surveys with multi-object
spectrographs such as 4MOST, WEAVE or SDSS-V, the bi-
nary orbit can be constrained by the detection of radial veloc-
ity variations. For the stripped stars orbiting WDs, the most
promising detection technique could be to search for variabil-
ity. If the system is sufficiently tight, the stripped star is dis-
torted, which gives rise to ellipsoidal modulations that could
be detectable with for example ZTF or OGLE if the system
is viewed close to edge-on. Surveys with multi-object spec-
trographs will be ideal for detecting also stripped stars orbit-
ing WDs. We expect that most of the stripped stars orbiting
WDs are X-ray faint, but a fraction could be detectable with
eROSITA.
Although so far stripped stars in tight orbits with compact
objects have been elusive even for state-of-the-art electro-
magnetic instruments, we show that they constitute a promis-
ing multi-messenger study case for the upcoming electro-
magnetic and gravitational wave facilities in 2030 and be-
yond.
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